BACKGROUND: The multiple inert gas elimination technique was developed to measure shunt and the ratio of alveolar ventilation to simultaneous alveolar capillary blood flow in any part of the lung (V A Ј/QЈ) distributions. Micropore membrane inlet mass spectrometry (MMIMS), instead of gas chromatography, has been introduced for inert gas measurement and shunt determination in a rabbit lung model. However, agreement with a frequently used and accepted method for quantifying deficits in arterial oxygenation has not been established. We compared MMIMS-derived shunt (M-S) as a fraction of total cardiac output (CO) with Riley shunt (R-S) derived from the R-S formula in a porcine lung injury model. METHODS: To allow a broad variance of atelectasis and therefore shunt fraction, 8 sham animals did not receive lavage, and 8 animals were treated by lung lavages with 30 mL/kg warmed lactated Ringer's solution as follows: 2 animals were lavaged once, 5 animals twice, and 1 animal 3 times. Variables were recorded at baseline and twice after induction of lung injury (T1 and T2). Retention data of sulfur hexafluoride, krypton, desflurane, enflurane, diethyl ether, and acetone were analyzed by MMIMS, and M-S was derived using a known algorithm for the multiple inert gas elimination technique. Standard formulas were used for the calculation of R-S. RESULTS: Forty-four pairs of M-S and R-S were recorded. M-S ranged from 0.1% to 35.4% and R-S from 3.7% to 62.1%. M-S showed a correlation with R-S described by linear regression: M-S ϭ Ϫ4.26 ϩ 0.59 ϫ R-S (r 2 ϭ 0.83). M-S was on average lower than R-S (mean ϭ Ϫ15.0% CO, sd ϭ 6.5% CO, and median ϭ Ϫ15.1), with lower and upper limits of agreement of Ϫ28.0% and Ϫ2.0%, respectively. The lower and upper limits of the 95% confidence intervals were Ϫ17.0 and Ϫ13.1 (P Ͻ 0.001, Student's t-test).
The multiple inert gas elimination technique (MIGET) is an established and well-accepted method for determining pulmonary shunt and the ratio of alveolar ventilation to simultaneous alveolar capillary blood flow in any part of the lung (V A Ј/QЈ) distributions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] MIGET has provided useful insights into the mechanisms of gas exchange pathophysiology in many experimental studies. 1-7,9 -15 A drawback of the method, however, is a time-consuming analysis of the inert gases by gas chromatography. The recently introduced micropore membrane inlet mass spectrometry (MMIMS) measures inert gas partial pressures rapidly in small blood samples with little chance for technical errors. 14 MMIMS-derived shunt (M-S) fraction, however, has not been validated against a reference method for shunt measurement.
Calculation of Riley shunt (R-S) from arterial, mixed venous, and assumed pulmonary end-capillary blood gas data is a frequently used method for quantifying deficits in arterial oxygenation. 4, 9, 12, 16 R-S combines the contributions of shunt (0 V A Ј/QЈ) with the contributions of low V A Ј/QЈ lung units to explain hypoxemia in terms of a single hypothetical admixture compartment and gives little information about the true underlying V A Ј/QЈ distribution. For the particular case of an inspired oxygen fraction (Fio 2 ) of 1.0 and complete denitrogenation, however, even low V A Ј/QЈ units will have a high alveolar PO 2 , and only true 0 V A Ј/QЈ will contribute to oxygenation deficits. During oxygen breathing, R-S can therefore be used as a measure of true shunt fraction. In several studies in which subjects were breathing oxygen, R-S was shown to be highly correlated with true shunt fraction from conventional MIGET. 2, 4, 9, 11 The aim of this study was to compare shunt fraction derived from MMIMS-measured inert gas retention data with R-S in subjects breathing 100% oxygen. We hypothesized that M-S should be significantly correlated with R-S, and that the relationship should be similar to previously reported relationships between shunt determined by conventional MIGET (using gas chromatography) and R-S.
METHODS

Instrumentation
With state animal care committee approval, 16 anesthetized pigs (24 Ϯ 1 kg, mean Ϯ sd) were investigated in this study, which was performed at the Department of Anesthesiology, Johannes Gutenberg-University Mainz, Germany. After premedication (azaperone 8 mg/kg IM and atropine 0.02 mg/kg IM), anesthesia was induced by propofol 4 mg/kg IV and by fentanyl 4 g/kg. Animals were positioned supine. Maintenance of anesthesia before surgical placement of arterial and venous catheters and during the experiment was performed by continuous infusion of propofol 10 -20 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 and 5 g/kg boluses of fentanyl. The airway was secured by endotracheal intubation (tracheal tube of internal diameter 9 mm; Ruesch, Kernen, Germany) facilitated by pancuronium 4 mg IV. Pressure-controlled ventilation was adjusted appropriately to allow initial normocapnia (AVEA™, Viasys, Viasys Healthcare, Palm Springs, CA).
Arterial and venous catheters were inserted for arterial blood pressure monitoring (Sirecust, Siemens, Erlangen, Germany) by femoral and cervical cut down. A balloon-tipped flow-directed pulmonary artery (PA) catheter was introduced into the PA for measurement of intermittent cardiac output (CO) by thermo dilution (Baxter Healthcare, Deerfield, IL), PA pressures, PA occlusion pressure, and mixed venous blood gas sampling. For CO determination, the mean of 3 thermodilution measurements was taken. Typical pressure waveforms obtained by pressure tracings were used to verify the position of all catheters. The mid-chest level was chosen as reference for all intravascular pressures. Flows and airway pressures were assessed by conventional spirometry (S/5 Monitoring, Datex-Ohmeda, Duisburg, Germany).
No additional crystalloids were given beyond the infusion of inert gases for M-S. Decreases of mean arterial blood pressure of Ͼ20% from baseline (BL) were treated with boluses of 100 mL of hydroxyethyl starch 140/0.3 (Voluven, Fresenius Kabi, Bad Homburg, Germany) with a maximum of 500 mL for the entire experiment.
To allow a broad variance of atelectasis and therefore shunt fraction, 8 sham animals did not receive lavage, and 8 animals were treated by lung lavages with 30 mL/kg warmed lactated Ringer's solution 17 as follows: 2 animals were lavaged once, 5 animals twice, and 1 animal 3 times. To avoid bias from systematic errors, animals were randomly assigned to the sham and lavage groups by flipping a coin.
Study Protocol
During the study protocol, animals' lungs were ventilated with pressure-controlled ventilation. The respiratory settings were set as follows: respiratory rate (RR) fixed to 8 bpm; positive end-expiratory pressure of 5 cm H 2 O; peak airway pressure and the resulting tidal volume were varied to maintain permissive hypercapnia up to 50 mm Hg; and Fio 2 was set to 1.0. The following respiratory variables were applied before BL measurements: peak airway pressure 40 mbar and RR 30 bpm for 30 s. To get a broad variation in shunt measurements with an increased number of data points, variables were recorded at BL and twice (T1 ϭ 2 h and T2 ϭ 5 h) after induction of lung injury as follows: heart rate, arterial and pulmonary arterial blood pressures, central venous pressure, expiratory tidal volume, RR, arterial and mixed venous blood gas analysis, hemoglobin concentration, and temperature.
Micropore Membrane Inlet Mass Spectrometry
The inert gases and the mass spectrometer peaks used to measure the inert gas partial pressures were identical to a previously described report. 14 The 6 gases used and their corresponding atomic mass unit peaks were sulfur hexafluoride at 127, krypton at 84, desflurane at 101, enflurane at 117, diethyl ether at 59, and acetone at 58.
The inert gas solution was prepared by equilibration of 15 mL sulfur hexafluoride 6 and 4 mL krypton gases with 500 mL normal saline, followed by addition of 300 L desflurane, 340 L enflurane, 1 mL diethyl ether, and 5.4 mL acetone as liquids. Inert gases dissolved in normal saline were infused IV for 50 min at a rate of 12.5 mL/min and for 10 min at a rate of 20 mL/min by a roller pump. After 1 h, arterial and mixed venous blood samples (5 mL each) were sampled into citrated, gas-tight glass syringes (Perfektum, Popper & Sons, New Hyde Park, NY) over at least 5 full respiratory circles. The temperature of blood samples was maintained equal to the body temperature of the animal. The injected volume of blood into the MMIMS system (Beta Version 1.0, Oscillogy, Folsom, PA) for each blood sample was 4 mL. The MMIMS system measured inert gas partial pressures in the blood samples directly (i.e., with no extraction into a headspace gas) with an analysis time of 6 min for each blood sample. Retention was calculated as the ratio of inert gas partial pressure in the arterial sample to the inert gas partial pressure in the mixed venous sample. 12 Retention data and solubility coefficients were subsequently transformed into perfusions (percentage CO) of 50 compartments of predefined ventilation-to-perfusion ratios by algorithms as described by Evans and Wagner 18 for MIGET. The compartment of interest was defined as follows: shunt ' V A Ј/QЈ Ͻ0.005. 6 Simultaneously to blood samples for MMIMS inert gas analysis, arterial and mixed venous blood samples were taken for conventional blood gas analysis (Rapidlab 248, Bayer Healthcare, Leverkusen, Germany) and analyzed with correction for the animal's temperature. Calibration of the Rapidlab 248 was performed according to the manufacturer's instructions.
Standard formulas were used for the calculation of R-S: R-S ϭ (CcO 2 Ϫ CaO 2 )/(CcO 2 Ϫ CvO 2 ) where CcO 2 is the end capillary, CaO 2 is the arterial, and CvO 2 is the mixed venous oxygen content.
CcO 2 was calculated using an alveolar gas equation (ambient pressure was set to 760 mm Hg, gas, and PH20 was set to 47 mm Hg). CaO 2 and CvO 2 were calculated by the standard formula for oxygen content of the blood. In this calculation, PO 2 , pH, Pco 2 , base excess, temperature, and hemoglobin concentration were measured variables. To determine species-dependent hemoglobin saturation from oxygen partial pressure, we used a model of the oxygen dissociation curve published by Serianni et al. 19 To correct for CO 2 , pH, and temperature effects on the oxygen dissociation curve, we included a factor according to Severinghaus. 20 The formulas used are presented in the Appendix.
Statistics
Data collection, data management, and data analysis were performed with the statistical package SPSS Version 15 (Chicago, IL). For metrical variables, statistical measures such as mean and sd (mean Ϯ sd) and/or quartiles (25th percentile, median, and 75th percentile) were calculated. For the difference between M-S and R-S, descriptive analyses were used. Correlation of both methods was described by linear regression analysis and a detailed Bland-Altman 21, 22 analysis.
The analyses of data were done in a descriptive manner, and the outcome of a statistical test with a P value Ͻ0.05 was considered as the level of significance.
RESULTS
Spirometry, hemodynamics, hemoglobin, and temperature data are shown in Table 1 . In both groups, Pao 2 decreased and Paco 2 increased from BL to T2 (Table 2) . 
Correlation and Agreement of M-S and R-S
M-S values were not obtained for 2 measurements. In 1 recording, the arterial inert gas concentrations were higher than the mixed venous, probably because of mismatch of the sample probes. In the second, the mixed venous tracing was missed because of clotting of the probe, thus no retention could be calculated. R-S values were missed at 1 measurement for technical reasons. One lavaged animal died 5 h after lung injury. For the analysis of agreement of M-S and R-S, all values from BL, T1, and T2 were pooled.
Forty-four pairs of M-S and R-S were recorded. M-S and R-S ranged from 0.1% to 35.4% and 3.7% to 62.1%, respectively. M-S and R-S increased from BL to T2 (Table 3) Figure 1 . Both regression coefficients were statistically significant (P Ͻ 0.001). The intraclass correlation coefficient was 0.278 (95% confidence interval [CI]: Ϫ0.020, 0.528).
. A linear regression analysis is shown in
M-S was on average lower than R-S (mean ϭ Ϫ15.0% CO, sd ϭ 6.5% CO, and median ϭ Ϫ15.1), with lower and upper limits of agreement of Ϫ28.0% and Ϫ2.0%, respectively (Fig. 2) . The lower and upper limits of 95% CI were Ϫ17.0 and Ϫ13.1 (P Ͻ 0.001, Student's t-test).
The MMIMS inert gas retention dataset had a residual sum of squares (RSS): RSS Ͻ5.3 in 29%, RSS Ͻ10.6 in 49%, and RSS Ͻ16.8 in 69%, which served as an indicator of experimental error. 8 For the 31% of measurements with RSS Ͼ16.8, RSS mean Ϯ sd 
DISCUSSION
This study shows that M-S correlates with R-S (r 2 ϭ 0.83) but also underestimates R-S (Fig. 1 ). Bland-Altman analysis 22 showed a highly dependent difference and magnitude of both methods, reflected in the significant negative correlation of the difference against the average of the 2 methods (Fig. 2) .
In previous studies, MIGET was used as the "gold standard" for determining the shunt fraction. 4, 9, 11 In this study, we compared M-S with R-S as the gold standard (Table 4 ). When Fio 2 ϭ 1.0 and denitrogenation is complete, R-S has been previously validated as a measure of true shunt fraction. 11 The motivation for assessing the accuracy of M-S is that inert gas methods are expected to retain their accuracy independent of Fio 2 . In our study, the correlation of M-S with R-S yielded comparable precision with previously published studies 4, 9, 11 but with less accuracy than some previous studies. Hlastala et al. 4 compared shunt determined by the oxygen method (R-S) and the inert gas infusion method (MIGET) and reported a correlation coefficient (r) of 0.986. Shunt was induced by atelectasis and oleic acid. Below 20% of CO, the results of the oxygen technique were consistently higher than the inert gas technique (r ϭ 0.863). 4 It was concluded that the differences between the 2 methods were attributable to 1) presence of extra pulmonary shunt, and 2) errors in measurement of high PO 2 in the blood. In this study, a surfactant depletion lung injury model was used. The differences in results between the study by Hlastala et al. and our study could in part be a result of the different injury models and their effects on CO.
We observed that R-S increased at higher CO (R-S ϭ 1.1 ϩ 3.9 ϫ CO [r ϭ 0.69]) at a steeper slope than M-S (M-S ϭ Ϫ3.5 ϩ 2.3 ϫ CO [r ϭ 0.75]). These findings are consistent with previous work. In a study from Breen et al., 2 inert gas shunt and R-S were similar at normal CO and oxygen breathing but increased with increasing CO. In that study, inert gas shunt in the range from 0% to 40% CO underestimated R-S in the range from 0% to 60% CO similar to our study. Intralobar redistribution and increased pulmonary blood flow were the suggested mechanisms for this phenomenon. An increase in extrapulmonary shunt fraction, however, may not explain the whole underestimation of R-S by M-S in the higher range.
One explanation for our findings may be that the current ␤ 1.0 version of MMIMS is not capable of discriminating true shunt from V A Ј/QЈ LOW . The version of MMIMS technology used in this study has a singlepore MMIMS probe with limited sensitivity compared with the laboratory version used in a former study. 14 Automation, however, of inert gas measurement technique and temperature control were very much improved compared with that version of MMIMS. Consistent with this explanation, the amount of variability around the M-S to R-S regression (Fig. 1) is larger than the variability reported in similar regressions for intact animal preparations 4,11 using conventional MIGET.
In summary, shunt as measured by this single-pore version of MMIMS correlated well with R-S during oxygen breathing, but it also underestimated R-S. Further refinements in this developing technology will be required to achieve an accuracy equivalent to conventional MIGET.
